decomposition of organic material, geological hydrocarbon reservoirs, plant foliage and woody material. In addition, there are human influenced natural sources from harvesting or burning plant material. We have estimated emissions of VOC only from oceans and plant foliage. VOC emissions from other sources are very uncertain but probably represent less than a few percent of total global emissions [Zimmerman, 1979; Lamb et al, 1987; Janson, 1992; Eichstaedter et al., 1992] . Further investigation is needed to verify our assumption that these sources are negligible. Section 2.1 describes the methods used to estimate ocean emissions of VOC. The procedures used to estimate foliar emissions are outlined in section 2.2.
We have grouped natural VOC into four categories: isoprene, monoterpenes, other reactive VOC (ORVOC), and other VOC (OVOC). Examples are given for each category in Figure 1 . ORVOC are herein defined as compounds with a lifetime, under typical tropospheric conditions, of less than 1 day, while OVOC have lifetimes greater than 1 day. All data sets have been merged into a common grid system with a resolution of 0.5 ø x 0.5 ø latitude/longitude. Hourly emission rates are estimated for one 24-hour period during each month. The daily total emission estimated from the 24-hour data is extrapolated to a monthly emission estimate. The model allows a great deal of flexibility and modularity so that improved data sets and algorithms can easily be incorporated into future versions of the model.
Ocean Emission of Volatile Organic Compounds
The ocean is supersaturated with VOC with respect to the atmosphere [Frank et The basic concept of photochemical lability is that higher chlorophyll content of a parcel of water, as sensed by the satellite, is related to a higher production of VOC per unit photon impinging upon the surface ocean. The high spatial variability, or "patchiness," of the chlorophyll in the surface ocean may also explain the high variability of the observations of VOC in the surface ocean. Ratte et al. [1994] found a linear relationship between ethene concentration and DOC per unit photon in seawater. To the extent that photochemical lability covaries with DOC, this finding supports our approach. We compute the global surface ocean concentration of VOC, the global transfer velocity field for VOC, and the global flux field for VOC via a technique similar to that described by Erickson and Eaton [ 1993] . It should be noted that this is a first attempt at creating a global, high-resolution oceanic source term for the emission of VOC to the atmosphere and our estimated errors are at least a factor of 3. We have attempted to constrain the computed surface ocean VOC concentration with the sparse available data and appeal for further measurements.
The air-sea exchange of trace gases is modeled using the standard formula [Liss and Merlivat, 1986] . We calculate the . We have selected a transfer velocity formulation based on a stability dependent theory of air-sea gas exchange [Erickson, 1993] .
This method of calculating k w gives a global area-weighted transfer velocity for CO 2 of -20 cm h -1, consistent with the 14C
inventory estimates [Broecker and Peng, 1974] . Because of a lack of experimental data on the diffusivity of various VOC, we base our estimate of k w for VOC on the diffusivity determined for CO 2. This assumption introduces at least a 50% uncertainty into the calculation.
The theoretical potential of a water parcel to produce VOC is assumed to increase with the amount of fresh, labile organic matter associated with biological activity in the surface ocean as sensed by the satellite. We compute the Crnax term via the simple relationship There are two approaches to assigning emission factors to ecosystems. One approach is to quantify the species composition within an ecosystem type, assign an emission rate to each species, and aggregate the resulting emissions from each species. The second approach is to assign an emission rate directly to the ecosystem type and bypass the need for estimates of species composition. The first approach is particularly effective for an area with a low species diversity (e.g., cultivated land), whereas the second approach is best for areas with high species diversity (e.g., tropical forests). Enclosure measurement techniques provide the information needed to define emission rates for individual plant species, while area-averaged flux measurements can provide the information needed to directly assign emission rates to an ecosystem type. Field investigations that use both approaches provide a check on estimates of emission factors. ..,.
ET AL. We have simulated the variability in solar radiation fluxes across the Earth's surface and within a vegetation canopy using simple models that account for a majority of observed variation. The astronomical routines described by Iqbal [1983] 
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Emission Rate Comparisons
Estimates of global NVOC emissions are compiled in Table  4 Table   Table 3 Although there is a considerable range in estimates of NVOC emission, there is general agreement that the global emission rate is at least 400 Tg C yr 'l. Our NVOC flux estimate of 1150 Tg C yr -1 is more than a factor of 7 greater than estimated global anthropogenic VOC emissions [Mueller, 1992] and is more than a factor of 2 greater than estimated annual methane emissions [Taylor et 
Isoprene and Monoterpenes
Uncertainties in isoprene and monoterpene emission factors and the influence of light, temperature, and humidity are discussed in sections 5.5.1 and 5.5.2. Factors which may play an important role in regulating isoprene and monoterpene emissions but are not addressed in our current modeling procedures are discussed in the rest of this section. 5.5.1. Ecosystem-average emission factors. The major difference between the annual isoprene and monoterpene emission rates estimated by this study and the results of previous efforts are the emission factors assigned to various ecosystem types. Many of the emission factors compiled in Table 1 are based on enclosure measurements of individual plants that occur within a given ecosystem. The uncertainty in these estimates is a function of the accuracy of the emission factor for each plant that is a dominant component of an ecosystem. Variability in the species composition within each of the global ecosystems defined by Olson [1992] Kuzma and Fall [1993] have shown that this is due to a lack of isoprene synthase activity, and that increased isoprene emission in older leaves is associated with increased levels of this enzyme. Growth environment also plays an important role in determining how quickly new foliage will begin to emit isoprene at significant levels. Monson et al. [1994] found that aspen leaves began to emit isoprene after cumulative daily maximum temperatures above 0øC reach approximately 400 degree-days. $harkey and Loreto [1993] Sharkey and Loreto [1993] found dramatically increased isoprene emissions from plants subjected to water stress. This could have a significant impact on regions undergoing drought. Ayers and Gillett [ 1988] found that isoprene emission was much higher during the wet season in tropical Australia. This may have been due to the increased biomass during this period rather than the increased plant water status. Long-term water stress leads to increased monoterpene emission from cypress trees [Yani et al., 1993] .
Physical injury can trigger large increases in monoterpene synthesis [Lewinsohn et al., 1991] and decreases in isoprene emissions from certain vines . The effects of wounding on monoterpene emission rates have not been quantified, but it is well known that physical leaf disturbance and wounds in monoterpene emitters lead to a large short-term increase in emissions [Zimmerman, 1979] 
Conclusions
The NVOC emission rate estimates described in this paper are our current best estimates for use in 3-D global computer models. Estimated isoprene emissions in temperate regions are considerably higher than previous estimates, but the global totals are similar, since they are dominated by emissions in the tropics. Isoprene and monoterpene emissions are estimated to contribute 57% and 14%, respectively, of the total reactive VOC flux and are primarily emitted from woodlands. About half the total global VOC flux is estimated to be from compounds other than isoprene and monoterpenes. Ocean emission estimates are considerably lower than most previous estimates but can still play an important role in the remote marine boundary layer.
The model described here has been used to generate an inventory of estimates for 1990. These data are available in digital format from the IGAC-GEIA archive. In addition to the IGAC-GEIA inventory, the emission model components have been incorporated into regional and global 3-D chemistry and transport models and are being used to investigate the interactions between global change and trace gas biogeochemistry. One of the most critical aspects of creating these highresolution, global estimates of trace gas fluxes is to emphasize the errors and need for an enlarged observational database to check these model results.
Uncertainties associated with isoprene and monoterpene emissions in some temperate regions are at least a factor of 3. Fluxes of isoprene and monoterpenes in tropical regions and fluxes of other VOC in all regions have even higher uncertainties. Field measurements of regional VOC fluxes from surfaces and vegetation types where few or no data exist will provide some sorely needed constraints on calculations such as this. A better understanding of the processes controlling NVOC emission will also lead to improvements in existing model algorithms.
